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Crystalline optical cavities are the foundation of today’s state-
of-the-art ultrastable lasers. Building on our previous silicon
cavity effort, we now achieve the fundamental thermal-noise-
limited stability for a 6 cm long silicon cavity cooled to 4 K,
reaching 6.5 × 10−17 from 0.8 s to 80 s. We also report for the
first time, to the best of our knowledge, a clear linear depend-
ence of the cavity frequency drift on incident optical power.
The lowest fractional frequency drift of −3 × 10−19∕s is at-
tained at a transmitted power of 40 nW, with an extrapolated
drift approaching zero in the absence of optical power.
These demonstrations provide a promising direction to
reach a new performance domain for stable lasers, with sta-
bility better than 1 × 10−17 and fractional linear drift below
1 × 10−19∕s. © 2019 Optical Society of America under the terms
of the OSA Open Access Publishing Agreement
https://doi.org/10.1364/OPTICA.6.000240
Ultrastable lasers are at the core of the world’s best precision mea-
surements, including optical atomic clocks [1,2], tests of relativity
[3,4], and gravitational wave detectors [5]. Improved optical co-
herence will open the door for more precise optical clocks [6,7].
These lasers will further studies in fundamental physics in several
aspects, including the search for dark matter [8], atom-based
gravitational wave detectors [9], and many-body physics [10].
Furthermore, optical clocks will play a defining role in the next
generation of optical timescales [11–13]. All of these applications
greatly benefit from improved short-, mid-, and long-term laser
frequency stability.
In this Letter, we present critical advancements in the develop-
ment of a cryogenic ultrastable optical cavity. Performance of
ultrastable optical cavities is typically evaluated with respect to
the fundamental thermal noise floor. A silicon cavity cooled to
a temperature of 124 K, which corresponds to the first zero-
crossing point for the silicon thermal expansion coefficient, has
demonstrated thermal-noise-limited frequency stability [14].
Using a closed-cycle cryocooler to reach 4 K where the silicon
thermal expansion asymptotically approaches zero, a cryogenic
6 cm long silicon cavity has already demonstrated fractional fre-
quency instability of 1 × 10−16 [15]. With improved thermal and
vibration isolation, optical feedback management, and cavity
locking, we have improved the performance of this system at
all averaging times.
Short-term noise is optimized by reducing the impact of vibra-
tions and other technical noise sources, unveiling the thermal
noise floor for the first time for a 4 K optical cavity. Through
a frequency comparison with a reference laser (named Si3)
[14], we demonstrate instability at the thermal noise floor of 6.5 ×
10−17 for averaging times of 0.8 s to 80 s. Furthermore, we make
the discovery that frequency drift depends linearly on the incident
power. The drift decreases as the circulating optical power is re-
duced, extrapolating to a zero drift when the incident power is
zero. The lowest drift is attained at a transmitted power of 40
nW, giving a fractional frequency drift of −3 × 10−19∕s. This
constitutes the first demonstration of thermal-noise-limited
performance at 4 K and the discovery of a power-dependent drift
of a cryogenic optical cavity.
The schematic of the 4 K silicon cavity system (Si4) is shown
in Fig. 1. The 6 cm long cavity is enclosed in a three-stage cryo-
genic thermal damping system formed by an outer radiation
shield (thick blue cylinder in Fig. 1A) and two inner shields near
4 K (thin orange) [15]. Room temperature coupling to the cavity
is especially important due to the T 4 scaling of the radiative
power. To address this, we optimized the design of the outermost
cryogenic shield. We changed the material from aluminum to
copper and added active temperature stabilization. Copper has
a thermal conductivity 100 times larger than that of aluminum
at 40 K, leading to a more homogeneous and lower temperature
thermal shield. These improvements lead to a reduced coupling of
room temperature variations to the cavity frequency from
200 Hz/K to 4 Hz/K. In order to support mHz level instability,
we now require only mK level control of the room temperature
enclosure.
Vibrations are the primary source of short-term instability for
our system.We minimized vibrations coming from the cryocooler
by carefully designing the mechanical layout of the system [15].
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Due to the anisotropic nature of the silicon crystal [16], we were
able to reduce the vertical vibration sensitivity to 5 2 × 10−12∕g
at a driving frequency of 9.5 Hz. The horizontal vibration sensitivity
in each direction was measured to be 2 1 × 10−10∕g. A reduc-
tion of vibrations at the cavity was obtained by fine-tuning the
relative position of the vacuum chamber and the cryostat. The com-
bined improvements in sensitivity and noise provided a 10-fold
reduction in the frequency noise power spectral density (PSD) for
Fourier frequencies of 10–50 Hz compared to previous work [15].
Two other critical noise sources are residual amplitude modu-
lation (RAM) and intensity fluctuations. We control RAM to the
ppm level by employing active RAM cancellation [17]. Intensity
fluctuations in transmission couple to the fractional frequency of
the cavity with a sensitivity of 1 × 10−12∕μW near DC. To elimi-
nate this noise source, we stabilize fluctuations in the transmitted
optical power to the picowatt level by using a photodetector and
feeding back to an acousto-optic modulator before the cavity.
This both ensures that the intensity-induced frequency fluctua-
tions are below the thermal noise floor and provides a way to
change the power for investigating the cavity frequency drift.
To determine the instability of the Si4 cavity, we measure a
beat between Si4 and Si3 (see Fig. 1). Si3 consists of a 1.5 μm
laser stabilized to a silicon cavity that operates at 124 K with a
thermal noise floor of 4 × 10−17 [14,16]. The short-term instabil-
ity (averaging times of 0.1 to 10 s) of Si3 is determined by a three-
cornered comparison with Si4 and a ultra low expansion (ULE)
clock laser at 698 nm. The long-term instability (>10 s) is di-
rectly measured by a strontium optical lattice clock. These mea-
surements show that Si3 is at its thermal noise floor for averaging
times from 0.1 s to 1000 s [18].
The modified Allan deviation of this beat, after subtracting the
reference laser instability of 4 × 10−17 in quadrature, is displayed
in Fig. 2A. The modified Allan deviation is calculated from a
24,000 s long measurement record made with a dead-time free
lambda-type counter. We compute the instability after removing
the linear drift of the beat with a magnitude of ∼3 × 10−18∕s.
The Si4 instability reaches 6.5 × 10−17 for averaging times of
0.8 < τ < 80 s, which is consistent with the predicted thermal
noise floor (green shaded region). The uncertainty in the thermal
noise floor arises from the spread in the coating loss angle at
4 K [19,20].
The corresponding frequency noise PSD for Si4 is shown in
Fig. 2B. The PSD is calculated from the time-series of the beat
obtained by the frequency counter. The thermal noise floor of the
Si3 cavity (Sy  1.7 × 10−33∕f ) is subtracted from the beat PSD
[14]. The Si4 laser is limited by the thermal noise floor for Fourier
frequencies over nearly three decades, from 5 mHz to 2 Hz. We
fit the measured PSD to a function Sy  af −1 and obtain the fit
parameter a  4.125 × 10−33. Using the full expression given in
Fig. 1. Schematic of the optical cavity setup and measurement system. The 1.5 μm laser is stabilized to the 4 K cavity using Pound–Drever–Hall
(PDH) locking. The cryostat is connected to the main chamber (black) and the cryogenic shields through a flexible vacuum bellows. The blue shield is
stabilized near 40 K and encloses two inner shields near 4 K (orange). The optical power is controlled in transmission. Si3 is shown on the right, which
consists of a 1.5 μm laser locked to a 124 K silicon cavity. The Si3 laser stability and drift are measured by a strontium optical lattice clock. The drift of Si3
is confirmed by comparing the repetition rate of an Er:fiber frequency comb locked to Si3 versus a hydrogen maser, which is directly calibrated by the
UTC(NIST) timescale.
Fig. 2. (A) Modified Allan deviation for the Si4 cavity. (B) Fractional
frequency noise power spectral density (Sy) of the Si4 cavity. In both
panels, the shaded green is the predicted thermal noise floor.
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Ref. [21], the Young’s modulus and Poisson’s ratio from [22], we
extract a loss angle for the SiO2∕Ta2O5 mirror coatings to be
ϕ  5.15 × 10−4. The thin noise spikes at 1 Hz, and higher
harmonics come from the cryocooler vibrations. The laser devi-
ates from thermal noise at Fourier frequencies below 0.5 mHz,
potentially due to etalons or temperature fluctuations.
We experimentally determine the laser linewidth from a fast
Fourier transform (FFT) of the Si3-Si4 beat. The beat is mixed
down to 10 Hz and digitized with an analog-to-digital converter.
One example of such a measurement is shown in Fig. 3A.
We use a measurement time of 128 s and employ a Hanning
window, corresponding to a Fourier limit of 10.9 mHz. The
expected linewidth for 1∕f frequency noise is given by a stat-
istical distribution [14]. The distribution is multiplied by the
ratio σSi4∕
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2Si3  σ2Si4
q
  0.85 in order to estimate the relative
contribution of the Si4 laser to the beat linewidth. Here, σSi4Si3
refers to the thermal noise floor of Si4(Si3). We repeat this
measurement 100 times and plot the histogram of results in
Fig. 3B. The median laser linewidth for the distribution in
Fig. 3B is 16 mHz, representing the lowest observed to date for
a laser locked to an optical cavity placed inside a closed-cycle
cryocooler.
We measure the drift of the Si4 system by counting the beat
Si3-Si4, as shown in Fig. 1. This requires careful calibration of the
drift of the Si3 system. The Si3 laser is used as the clock laser for a
strontium optical lattice clock, giving a direct measurement of the
drift [18]. As an independent check, the drift of the Si3 system is
continuously monitored against a hydrogen maser from NIST via
an optical frequency comb. This maser is then calibrated against
UTC(NIST), as depicted in Fig. 1. The long-term linear fre-
quency drift of Si3 is −3 × 10−19∕s with 2.8 μW of transmitted
power. The measured linear drift of Si3 is removed from the
Si3-Si4 beat, thus giving the drift of Si4.
The linear frequency drift of the Si4 cavity is dependent on the
transmitted optical power, as shown in Fig. 4A. We vary the in-
cident power and stabilize the cavity transmission at various levels,
as shown in Fig. 1. With a cavity finesse of F  500, 000, total
transmission of T  2 ppm, and total loss of A  4 ppm, a
transmitted power of 40 nW corresponds to a circulating power
of 2 mW. Each time the optical power in the cavity is changed, a
frequency transient is observed with a characteristic time constant
between 1 and 2 days. In order to extract the linear frequency
drift, we wait several time constants for the transient to decay
away. When the drift is low (at lower optical power), we wait even
longer in order to avoid the contribution from the transient. For
example, as shown in the inset in Fig. 4B, we wait 5 time con-
stants before fitting a linear drift. We achieve high performance at
low optical power by employing resonant photodetectors for both
the Pound-Drever-Hall and RAM stabilization, providing a shot-
noise limited signal-to-noise ratio at 68 nW.
The linear power dependence of the drift is striking evidence
for a new mechanism of length drift of an optical cavity at low
temperatures. The sign of the frequency drift is always negative,
meaning the cavity is getting longer over time. The slope of the
power dependence is roughly −7 × 10−21∕s∕nW. One potential
explanation is thermal-induced mechanical creep of the mirror
coating, where the mismatch in the coefficient of thermal expan-
sion for the substrate and the coating gives a temperature-
dependent creep. To reduce the impact of optical power on
Fig. 3. (A) FFT of the beat measured at 1542 nm (black circles), fit to
a Lorentzian lineshape (red line). (B) Histogram of the measured Si4 line-
widths for 100 measurements.
Fig. 4. (A) Fractional frequency drift of Si4 as a function of optical power in transmission. The red line is a linear fit to the data, shown to guide the eye.
(B) Optical frequency of Si4 with 40 nW in transmission, corresponding to the lowest optical power measured. The red line is a linear fit to the data,
corresponding to a drift rate of −3 × 10−19∕s. The inset shows the complete frequency record, where t  0 corresponds to the time when the laser is locked
to the cavity.
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the long-term drift, Wiens et al. minimized the irradiation of their
mirrors by periodically scanning the laser across the cavity reso-
nance to measure the cavity frequency [4]. We present the first
rigorous characterization of a power-dependent frequency drift in
an optical cavity.
The lowest operating power we have achieved is 40 nW in
transmission, giving a fractional frequency drift of −3 × 10−19∕s.
This frequency drift is comparable to the previous state of the art
obtained from a 124 K silicon cavity [23]. However, the impli-
cation of the current finding is tantalizing in that as we continue
to reduce the incident power, we can access an extremely low
value of cavity drift, making it possible that such a cavity alone
could be useful as a potential time scale. At this low power, the
fractional noise of the laser is higher than that showed in Fig. 2 by
about a factor of two. The extra noise is due to the photodetector,
and will be mitigated with an improved design.
The advances presented here point to a clear direction for
ultrastable lasers. To operate with minimal frequency drift, optical
cavities at low temperature will have to operate at very low optical
power. Reduction of the thermal noise will be possible by replac-
ing the conventional SiO2∕Ta2O5 mirrors with crystalline mir-
rors [21,24]. Such crystalline mirrors have been shown to exhibit
a factor of 10 lower loss angle at room temperature [21].
Increasing the cavity length further will also reduce the fractional
frequency noise. We can now foresee a strong possibility of
achieving an ultrastable cavity with fractional instability <1 ×
10−17 using a continuously running closed-cycle cryocooler
at 4 K.
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